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Single and dual frequency capacitively coupled plasma (CCP) sources operating in pure Ar, O, and Ar/O, mixtures
are investigated by means of particle-in-cell/Monte Carlo collisions (PIC/MCC) simulations. The different possibilities
to control ion energy distribution functions (IEDFs) and ion angular distribution functions (IADFs) on electrodes are
found. It is shown that the driven voltage and frequency in single frequency capacitive discharges are control the IEDFs
on the electrodes. It is demonstrated that the low frequency voltage in dual frequency CCP sources controls the IEDFs
and IADFs. It is shown that the IEDFs on electrodes can be controlled by Ar/O, ratio.

PACS: 52.50.Dg, 52.80.Pi, 52.65.Rr, 52.65.Pp, 52.40.Kh, 52.77.Bn

1. INTRODUCTION

CCP sources [1] are widdly used in the laboratory and
in industry for a variety of processing techniques such as
sputtering, deposition and etching. The interaction of en-
ergetic ions with solid surfaces plays a crucia role in
these techniques. The positive ions accelerated through
the space-charge sheath adjacent to the electrodes are re-
sponsible for the etch rates and depths, as well as for the
etch profiles. Careful control of etch profiles is a basic
requirement for a modern technologies. Etch profiles are
defined by the IEDF and IADF on the wafer. In the pre-
sent paper, the possibilities to control IEDFs and IADFs
on eectrodes in single and dua frequency CCP sources
are investigated by means of PIC/MCC [2-6] simulations.

2. THE MODEL AND SIMULATION
CONDITIONS

Weakly ionized plasmas in asymmetric single and
dua frequency CCP sources have been studied in one
dimension usng the bounded electrostatic 1d3v
PIC/MCC code [2-6]. The electron-neutral and ion-
neutral collisions for pure Ar, pure O, and Ar/O, mix-
tures are incduded in the model via Monte Carlo [5]. The
species modeled for Ar/O, mixtures are electrons, O, ,
O, Ar", excited argon atoms Ar*, excited oxygen mole-
cules O,* (rotational, vibrational, and electronic states),
and background Ar and O,. The full reaction set includes
33 reactions, but we trace just eectrons, O,", Ar*, O". The
main channel for O formation is two-body dissociative
attachment. The O, are primarily formed in three-body
reactions, the probability for which to occur is negligible
for low-pressure discharges. Metastable Ar atoms are not
considered. The resonant charge exchanges for O," and
Ar*, are included. The reactions between argon and oxy-
gen include charge exchange between Ar and O," and
vice versa, scattering of positive and negative oxygen ions
on Ar, scattering of Ar+ions on O,, and charge recombi-
nation.

The grid size DX was small enough to resolve Debye

length. Thetime step Dt was much less then the minimal
time scale in the discharge. The “Courant condition for
particles” was satisfied during modeling time. The mode -
ing conditions are different for different runs, but the

scdes  are DtT [10°%2,10 "] s,

Dx1 [4X10°*, 4X10 *]cm. In conventional PIC/MCC
simulations numerical fluctuations are inversely propor-

tional to \/Np, + N , where N, is the number of

macroparticles per Debye length, and N, is the number

of computer particles per cell. This numerical noise can
increase the kinetic energy of the particles and creates
substantial erorsin the electron energy distribution func-
tion, electron temperature and plasma density. The influ-

enceof N, and N, on the CCP source characteris-

following:

tics was studied in [6,7]. It was shown, that N, should

be higher than 250 in the smulation. In each modeling
case presented here from 250 to 1000 macro particles per
cdl was used.

3. RESULTS AND DISCUSSION

Figure 1 shows the IEDFs on the powered eectrode
for various driven voltages V,; in the single frequency
30 MHz Ar discharge a 70 mTorr. As it is shown in
Fig. 1, the IEDFs have fine structure, which is typical for

low pressure discharges under following conditions: there
are few charge-exchange callisions on the sheath length,

and ion transit time through sheath t , , is greater than RF

n
periodt | . These peaks are arisen because of acceleration
of dow ions, which are created in the sheath as the result
of charge-exchange collisions, by varying sheath poten-
tial. The number of peaks can be estimated as

N:tiﬂ:—l (_']_)

™ p\/z'
where h =eU /4p *Mf2s?, U =V, - Vg is the bias
voltage, V. is the self-bias potential, V,, is the plasma

potential, f,; is the driven frequency, S is the sheath

thickness, € is the ion charge, and M is the ion mass.
Asi it follows from (1), and confirms by Fig. 1, the num-

ber of peaks decreases with increasing bias voltage U
and, so with increasing driven voltageV,; .

228

I Problems of Atomic Science and Technology. 2006, Ne 6. Series: Plasma Physics (12), p. 228-230



0.010

2

0.008 4

M,

4
2
]
S

WAN/AZ), eV

0.003

IEDF (1IN, AN/AZ), eV, LHS

IEDF (1IN,

0.002-fj 1 i
™y
Vi ! \
0.002 ﬂ“"‘m 0.001 W =
e,
0.000 T T T T T T 0. i ity
0 40 20 30 40 S0 60 70 0 200 400 600 800 1000 1200

Energy, eV Energy, eV

Fig. 1. IEDFs on the driven electrode for two different
driven voltages V¢ (80 V for left graph,
and 1300 V for right graph)

Figure 2 shows the IEDFs on the powered eectrode
for two driven frequencies. The peak structures are clearly
visble. As follows from (1) and the scaling law for the

sheath length [6] S f,-°°, the number of peaks de-

pends weakly on the frequency. The IEDF changes drasti-
caly as the driven frequency increases. With the increase
frequency the relative number of high energy ions in-
creases with a consequent decrease in the number of low
energy ions. At high frequency (Fig. 2, right graph), when
s/l pu 3, where | ; istheion mean free path, the IEDF

exhibits a saddle-shaped structure. This structure is due to
ions that passed through the sheath without collisions. It

is centred around the dc sheath voltage U . At low fre-
quencies (Fig. 2, left graph), whens/|, p 10, the bi-

modal structure disappears. The number of peaks obtained
in the modelling isin good agreement with (1).

To control independently ion fluxes onto dectrodes and
ion energy, the dual frequency CCP source is used. The
plasma densty (ion flux) can be controlled by the high
frequency RF power. The ion bombardment energy on the
surface is defined by the low frequency (LF) power. The
IEDFs on the powered eectrode for two different LF volt-
agesin the Ar dua frequency CCP source are presented in
Fig. 3. The fine structure, observed in the single frequency
case (Figs. 1,2), and in the case of small LF drive (Fig. 3,
left graph), is destroyed as LF voltage increases (Fig. 3,
right graph). This can be explained by the growth of the

sheeth length (S V¢, [6]) and, so, by increasing of the

collisonal parameter s/ | ;. For theleft graph in Fig. 3, this

parameter approximatdy 10, and for right IEDF in the
Fig. 3,itis20.
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Fig. 2. IEDF on the driven electrode for two frequencies
(30 MHz left graph and 130 MHz right graph) at driven
voltage 1200 V and pressure 50 mTorr

Figure 4 shows the IADFs on the powered eectrode
for various LF voltages. Asfollows from figure 4, alarge
amount of ions strike the surface within an angle of about
3°. The IADF maximum is shifted with the LF voltage
towards the low angles. The IADFs are widespread: a
significant fraction of the ions impinge with highly off-
normal angles.
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Fig. 3. IEDF on the driven electrode for different LF
(2 MH2) voltages (20 V for left graph, and 250 V for right
graph). Pressure 70 mTorr, high frequency voltage 160 V,
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Fig. 4. IADFs on the powered electrode for different LF
(2 MH2) voltages. High frequency (30 MH2) voltageis
160 V, pressure 70 mTor. Vertical scales have been
shifted to separate plots. Unshifted | ADFs for two values
of low frequency voltage are shown in the inset of the
figure

Fig. 5 shows the IEDFs on the powered dectrode for
various Ar/O, ratios. The O," IEDFs become more colis-
siona with increase of relative oxygen density. The Ar*
IEDFs are less collisional for high oxygen case and more
collisional for the mixtures with low oxygen concentration.
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Fig.5. IEDFs on the powered electrode for various Ar/O,
ratios. Pressure = 35 mTorr, voltage 450 V,
frequency 30 MHz
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For small admixture of O,, when O," ions are not domi-
nant, we observe typical collisionless distribution with
abundance of high-energy ions. For a O, mixing ratio of
10%, sufficiently narrow bimodal energy distribution for
O," ionsis observed. This bimoda structure is due to the
RF modulation of the ion energy as the O," ions pass the
sheath. The situation changes with the increase of O, per-
centage. For 90% (or 100%) O, we obtain a typical colli-
siona distribution with sufficiently high population of
low-energy ions. The opposite trend is observed for the
Ar* IEDF. When Ar” ions are dominant (10% O, in the
mixture) the distribution is of collisond type. With 90%
O, in the mixture Ar* ions do not dominate and the Ar*
IEDF is collisionless. This IEDFs behaviour is deter-
mined by the charge exchange collisions. Ar” ions are
effectively involved in symmetric resonant charge ex-
change processes with Ar neutrals, but not with O, neu-
trals. Thus, we have many resonant Ar* + Ar collisions
for a 10% O, mixing ratio when Ar" are dominant ions
and few collisions for a 90% O, mixing ratio when Ar*
ions are not the dominant species. This effect of transition
from a collisionless to a callisional |EDF is analogous to
the pressure increase effect outlined in [3]. However, in
this case, instead of total pressure the partial pressure of
certain gases mugt be considered.

In conclusion, the IEDF on the powered eectrode in
asymmetric single and double frequency capacitive dis-
charges in Ar, O, and Ar/O, mixtures has been investi-
gated with PIC/MCC simulations. It has been demon-
strated that the |EDF shape and width can be controlled
by the driven voltage in a single frequency CCP. It has
been found that an increase in the driven frequency leads
to significant changes in the IEDF shape, increasing the
relative number of high energy ions and decreasing the
number of low energy ions. The IEDF width does not
change if the frequency increases. It has been demon-
strated that the width of the IEDF is increased by growth

of the low freguency voltage in a double frequency CCP,
and the fine structure observed in the single frequency
case disappears simultaneously. It has been demonstrated
that the low frequency voltage in dual frequency CCP
sources controls the IADFs. It has been shown that the
IEDFs on electrodes can be controlled by Ar/O; ratio.
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®OYHKIUHU PACIIPEJEJIEHUWSA HOHOB 110 QHEPI'USIM U YI'JIAM B UCTOYHUKAX ITVIA3MbI
HA OCHOBE BBICOKOYACTOTHOT'O EMKOCTHOI'O PA3PSIIA:
YUCTbIM APTOH U APTOH-KUCJIOPOJIHBIE CMECH

O.B. Manyitnenko, EM. Munaeea, B.U. I'onoma

C moMOIIbI0 YHCIEHHOT'0 MOZETHPOBAHUS METOAOM MAaKpOYACTHI] U3YYEHBI OJHO- U JIBYXYACTOTHBIC MCTOYHHUKH
IasMbl Ha ocHOBe eMKkocTHOro paspsiiaa (EP) B uuctom Ar, O, u B Ar/O, cmecsax. Haiimens! cmocoObl ympaBieHus
GbyHKISIME pactipenenieHis noHoB 1o sueprusiv (OPUD) u yrmam (OPUY) Ha snekrpomax. ITokasano, uro ®PUD
MOJKHO YTIPABIISATH C TOMOIIBIO aMIUIATYIABl M YaCTOTHI BHICOKOYACTOTHOW HAKaUKW, MOIIEPKHUBAIOIIEH pas3psim B
crydae omgHovactotHoro EP. ITokazano takke, uto ®PUD u OPUY MOXHO yNpaBisTh C MOMOIIBIO BEIWYHHEI
aMIUTATYABI HU3KOYAaCTOTHOTO CHTHAJla B UCTOYHUKAX IUTa3Mbl Ha ocHOBe aByxdactorHoro EP. ITokazano, yro ®PUD
MO’KHO YTIPABJIATH C TOMOIIBIO0 M3MEHEHNs KOHIICHTpaIiii aproHa/kucioponaa B Ar/O, cmecsx.

@®YHKIIIT PO3IOJLTY IOHIB 3A EHEPTISIMHU TA KYTAMHU Y JUKEPEJIAX IIJTASMH HA OCHOBI
BUCOKOYACTOTHOI'O €EMKICHOI'O PO3PAAY: YACTUU APTOH TA APITOH-KUCHEBI CYMIHII

O.B. Manyitnenko, KM. Minacea, B.1. 'onoma

3a J0MOMOrOI0 YHCIIOBOTO MOJETIOBAHHS METOJOM MaKPOYAaCTHHOK JOCHIPKEHO OJHO- Ta JBOXYACTOTHI JDKepera
TUIa3MH Ha OCHOBI eMKicHOro po3psny (€P) y uncromy Ar, O,, a takox y Ar/O, cymimrax. 3HaiieHO Criocobu Kepy-
BaHHA QYHKISIMA po3moziny ioHiB 3a eneprisimu (PPIE) ta kyramu (PPIK) Ha enexrpomax. [Tokasauo, mo ®PIE mo-
JKHA KepyBaTH 3a JIOMOMOrOI0 aMILTITYAN 1 YaCTOTH BUCOKOYACTOTHOI HaKauKH, LIO MIATPUMYE PO3PSI Y OAHO 4acTOT-
HOMY Jokepeni mia3mu. [lokazano takox, mo ®PIE ta ®PIK mMoxHa kepyBaTu 3a JIOIMOMOTOI0 aMILTITY/IM HU3bKOYAC-
TOTHOTO CHTHAJy y JDKEpesl Miia3Mu Ha OCHOBI ABoX 4yactotHoro €P. [Tokazano, mo ®PIE MoxHa kepyBaTu 3a J0I0-
MOT0F0 3MiHH KOHIIEHTpaIlii aprona/kucus y Ar/O, cymimax.
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